Rationale The N-methyl-D-aspartate (NMDA) receptor has been recently identified as an important mediator of impulsive choice, as assessed in delay discounting. Although discounting is independently influenced by sensitivity to reinforcer magnitude and delayed reinforcement, few studies have examined how NMDA receptor ligands differentially affect these parameters. Objectives The current study examined the effects of various NMDA receptor ligands on sensitivity to reinforcer magnitude and delayed reinforcement in a delay-discounting procedure. Conclusions The behavioral changes observed in delay discounting following administration of NMDA receptor antagonists do not always reflect an alteration in impulsive choice. These results emphasize the utility in employing quantitative methods to assess drug effects in delay discounting.
Introduction
Impulsive choice is often conceptualized as the inability to delay gratification and is modeled with delay discounting. In a typical delay-discounting paradigm, subjects are given a choice between two alternatives. One alternative is associated with a small reinforcer delivered immediately, whereas the second alternative is associated with a large reinforcer delivered after a delay. Consistently choosing the small, immediate reinforcer is considered to be a measure of impulsive choice (Ainslie 1975) . Increased impulsive choice is observed in individuals with attention-deficit/hyperactivity disorder (ADHD; see Jackson and MacKillop 2016 for a recent metaanalysis), schizophrenia (Ahn et al. 2011; Heerey et al. 2007; Weller et al. 2014) , bipolar disorder (Ahn et al. 2011 ), Parkinson's disease (Al-Khaled et al. 2015; Evens et al. 2015) , pathological gambling (Albein-Urios et al. 2014; Cosenza and Nigro 2015; Petry 2001; Wiehler et al. 2015) , and substance use disorders (see Bickel et al. 2014 for a discussion and relevant citations). Determining the neural Electronic supplementary material The online version of this article (doi:10.1007/s00213-016-4469-5) contains supplementary material, which is available to authorized users. mechanisms underlying impulsive choice is needed to improve decision making in individuals with disorders characterized by increased sensitivity to delayed reinforcement.
Dysregulation of the glutamatergic system has been identified in individuals with ADHD and substance use disorders (Ben-Shahar et al. 2012; Griffin et al. 2014; Jensen et al. 2009; Miller et al. 2014; Perlov et al. 2007 ; see Archer and Garcia 2016; Chang et al. 2014; Kalivas 2009; Lesch et al. 2013; Niciu et al. 2014; Pattij and Vanderschuren 2008 for reviews), and recent evidence has identified glutamate N-methyl-Daspartate (NMDA) receptors as mediators of impulsive choice. Administration of ketamine and memantine increases impulsive choice (Cottone et al. 2013; Floresco et al. 2008) , whereas MK-801 and the NR2B-selective antagonist Ro 63-1908 decrease impulsive choice (Higgins et al. 2016; Yates et al. 2015) . One important consideration when measuring discounting is that there are two parameters that independently influence behavior: sensitivity to reinforcer magnitude and sensitivity to delayed reinforcement (Ho et al. 1999 ). Sensitivity to reinforcer magnitude refers to how much an animal prefers the large magnitude reinforcer relative to a small magnitude reinforcer when they are both made available immediately. Sensitivity to delayed reinforcement is typically referred to as impulsive choice. Previous studies have examined how excitotoxic brain lesions alter these parameters in discounting (e.g., Bezzina et al. 2007 Bezzina et al. , 2008 Bezzina et al. , 2009 Kheramin et al. 2002) ; however, behavioral pharmacology experiments have often ignored how drugs differentially alter sensitivity to reinforcer magnitude/delayed reinforcement. Directly related to glutamate receptors, only one study has examined how NMDA receptor ligands differentially affect sensitivity to reinforcer magnitude and delayed reinforcement. Yates et al. (2015) found that MK-801 decreases sensitivity to delayed reinforcement (i.e., decreases impulsive choice) and increases sensitivity to reinforcer magnitude, whereas ketamine decreases sensitivity to reinforcer magnitude without altering sensitivity to delayed reinforcement.
The primary goal of the current study was to further determine how NMDA receptor ligands affect sensitivity to reinforcer magnitude/delayed reinforcement. Because quantitative analyses have been applied to ketamine and MK-801 (both uncompetitive antagonists), we wanted to extend these analyses to different NMDA receptor ligands. These results will help us determine if ligands that bind to different sites on the NMDA receptor differentially alter sensitivity to reinforcer magnitude and/or delayed reinforcement. Rats were treated with the following drugs: the uncompetitive antagonists ketamine, MK-801, and memantine, the competitive antagonist CGS 19755, the NR2B-selective non-competitive antagonist ifenprodil, and the glycine site partial agonist D-cycloserine (see Monaghan and Jane 2009 for a discussion of the pharmacology of NMDA receptors). Ketamine and MK-801 were included as positive controls, as their effects on sensitivity to reinforcer magnitude/delayed reinforcement have been studied previously (Yates et al. 2015) . Memantine was included because it has been shown to increase impulsive choice in an adjusting delay procedure (Cottone et al. 2013) , although its effects on sensitivity to reinforcer magnitude have not been examined. Ifenprodil was included because it, unlike ketamine and MK-801, does not produce psychotomimetic effects (Boyce et al. 1999) ; furthermore, recent evidence has shown that NR2B-selective antagonists decrease impulsive choice (Higgins et al. 2016) . CGS 19755 and D-cycloserine were included as negative controls, as administration of either drug does not selectively alter performance in delay discounting (Cottone et al. 2013; van den Bergh et al. 2006) , although their effects on sensitivity to reinforcer magnitude have not been tested. A secondary goal of the current study was to determine if the statistical analysis (i.e., ANOVA vs. fitting an exponential function via nonlinear mixed effects modeling) used to assess delay discounting alters interpretation of drug effects on discounting performance.
Methods Subjects
A total of 48 experimentally naïve Sprague Dawley rats (250-275 g upon arrival to the lab; Harlan Industries, Indianapolis, IN) were used in the current experiment. They were acclimated to an animal housing room and handled for 6 days before testing began. The housing room was maintained on a 12:12-h cycle (lights on at 630 h), and rats were tested in the light phase (approximately 1100-1500 h). Rats were individually housed in clear polypropylene cages (51 cm long × 26.5 cm wide × 32 cm high) with metal tops containing food and a water bottle. Rats were restricted to approximately 10 g of food each day but had ad libitum access to water. All experimental procedures were carried out according to the Current Guide for the Care and Use of Laboratory Animals (USPHS) under a protocol approved by the Northern Kentucky University Institutional Animal Care and Use Committee.
Drugs
All drugs were purchased from Sigma Aldrich (St. Louis, MO) , with the exception of CGS 19755, which was obtained from the NIMH's Chemical Synthesis and Drug Supply Program. (+)-MK-801 hydrogen maleate (±)-ketamine hydrochloride, memantine hydrochloride, cis-4-[phosphomethyl]-piperidine-2-carboxylic acid (CGS 19755) , and Dcycloserine were prepared in sterile 0.9 % NaCl (saline). CGS 19755 (20.0 mg/kg) had to be heated and stirred to go into solution. Ifenprodil (+)-tartrate salt was prepared in distilled water. The two highest doses of ifenprodil (3.0 and 10.0 mg/kg) were heated and stirred prior to each injection. Each drug was injected at room temperature in a volume of 1 ml/kg, except CGS 19755, which was administered in a volume of 2 ml/kg. The doses were calculated based on salt weight.
Apparatus
Eight operant conditioning chambers (28 × 21 × 21 cm; ENV-008; MED Associates, St. Albans, VT) located inside sound attenuating chambers (ENV-018 M; MED Associates) were used. The operant chambers used in our laboratory have been described previously (Yates et al. 2016) . All responses and scheduled consequences were recorded and controlled by a computer interface, and a computer controlled the experimental session using Med-IV software.
Procedure
Rats went through two days of magazine training and three sessions of lever-press training as described previously (Yates et al. 2015) , with one exception. During lever-press training, a random-time 100-s schedule of reinforcement was not used. Rats were given three sessions of magnitude discrimination training as described previously (Yates et al. 2015) , with the exception that a 20-s limited hold was used as opposed to a 10-s limited hold.
Delay-discounting sessions consisted of five blocks of nine trials. The stimuli used to signal the beginning of each trial differed across blocks of trials (first: house light; second: house light and left stimulus light; third: house light and right stimulus light; fourth: house light and both stimulus lights; fifth: both stimulus lights). The first four trials in a block were forced-choice trials, in which only one lever was pseudorandomly presented (no more than two consecutive presentations of the same lever). The remaining trials were free-choice trials, in which both levers were extended. Completion of the response requirement (FR10) on one lever always resulted in immediate delivery of one food pellet, whereas completion of the response requirement (FR10) on the other lever resulted in delayed delivery of four pellets. We need to note that the first 24 rats were initially trained on an FR 1 schedule as in Yates et al. (2015) , but these animals did not discount the large magnitude reinforcer. When we switched to the FR 10 schedule, rats discounted the large magnitude reinforcer (see Online Supplementary Fig. 1 ). Rats 25-48 were trained on the FR 10 schedule of reinforcement only. The delay to delivery of the large magnitude reinforcer increased across blocks of trials (0, 10, 30, 60, 100 s). Following a response on either lever, the stimuli used to signal the beginning of each trial were extinguished, and each lever was retracted for the remainder of the trial. If a response was not made within 20 s, the trial was scored as an omission, and all stimuli were extinguished for the remainder of the trial. To compensate for the delay to the large magnitude reinforcer, the length of each trial increased across blocks of trials (first: 30 s; second: 40 s; third: 60 s; fourth: 90 s; fifth; 130 s). Each session lasted 52.5 min.
The following drugs were used to determine the contribution of NMDA receptors to delay-discounting performance: into four groups (n = 12 each group 19755, ifenprodil, D-cycloserine) prior to each session. The doses and pretreatment times were chosen based on previous work (Cottone et al. 2013; Ma et al. 2011; Navarrete et al. 2014; van den Bergh et al. 2006; Yates et al. 2015) . Injections occurred every 2-4 sessions, and the drug and dose order were randomized to control for any possible order effects. Rats were tested in the delay-discounting task between injections days.
Statistical analyses
Because one rat never discounted the large reinforcer, and one rat did not consistently choose the large reinforcer during the first block of trials, data from these rats were excluded from all analyses. Thirteen baseline periods were recorded to determine if delay discounting systematically changed across the injection phase of the experiment. The final 2-4 sessions before an injection were averaged together, with the exception of the final baseline, which consisted of the three sessions immediately following the final injection. Separate linear trend analyses were used to determine if A and b parameter estimates changed across baselines. Because omissions violate the assumption of normality (due to most values during baseline being at 0), these data were analyzed with a Friedman test, and Wilcoxon signedrank post hoc tests (with Bonferroni adjustment) were used when appropriate.
The raw proportion of responses for the large reinforcer was analyzed using a two-way ANOVA, with delay and dose as within-subjects factors. This analysis is commonly used in behavioral pharmacology studies (Baarendse and Vanderschuren 2012; Cardinal et al. 2000; Floresco et al. 2008; Koffarnus et al. 2011; Sukhotina et al. 2008; van Gaalen et al. 2006; Winstanley et al. 2005) . If there was a main effect of dose, Bonferroni post hoc tests were used to determine if responses (averaged across each delay) differed across doses. If there was a significant dose × delay interaction, separate one-way ANOVAs were conducted for each delay to determine if responses differed across doses, and Dunnett's post hoc tests were used when appropriate. Because only two doses of CGS 19755 (0 and 5.0 mg/ kg) were included in data analyses (see Results section), the significant dose × delay interaction was probed with pairedsamples t tests. When the assumption of sphericity was violated, degrees of freedom were corrected using Greenhouse Geisser estimates of sphericity. If a rat did not respond during one block of trials following drug treatment, this subject's data for all drug doses were excluded due to the fact that repeated measures ANOVA uses listwise deletion when there are missing data. Additionally, if a rat responded during each block of trials but had more than 12 omissions (half of all free-choice trials), it was excluded from data analysis.
Additionally, we fit an exponential model to the raw data in order to derive two parameter estimates. The exponential model is defined by the eq. V = Ae -bD , where V is the subjective value of the reinforcer, A is the intercept and refers to sensitivity to reinforcer magnitude (i.e., how much the animal prefers the large reinforcer relative to the small reinforcer when they are both available immediately), e is Euler's number, b is the slope of the discounting function (i.e., measure of impulsive choice), and D is the delay to delivery of the large reinforcer. Figure 1 shows how a drug can alter A and b parameter estimates. Although hyperbolic discounting typically provides a better account of discounting relative to the exponential model (see Ainslie and Herrnstein 1981) , the exponential model provided a better account of discounting in the current experiment (baseline exponential median R 2 = .969; baseline hyperbolic median R 2 = .912). The exponential function was fit to the data with nonlinear mixed effects modeling (NLME; Pinheiro et al. 2007; Young et al. 2009 ) using the NLME package in the R statistical software package (Pinheiro et al. 2007) , with A and b parameters as free parameters. The NLME models defined delay as a fixed, continuous within-subjects variable, dose as a fixed, nominal withinsubjects variable, and subject defined as a random factor. Identical NLME models were used to analyze each drug effect on discounting. To determine if rats assigned to each group had similar baseline A and b parameter estimates (i.e., before drug treatment), the NLME model included group as a nominal, between-subjects variable. NLME offers several advantages compared to ANOVA. Specifically, NLME increases statistical power, reduces Type I error rates, and does not delete an entire subject's data if one dose is excluded (see Young et al. 2009 for a full discussion). If a subject had more than 12 omissions or did not respond during the first block of trials, data for that dose were excluded only (i.e., data for the other doses were kept in the NLME analyses). For example, if a rat had five omissions but did not respond during the first block of trials, data for that dose would be excluded because the A parameter (i.e., intercept) cannot be calculated if the subject did not respond during that block. Statistical significance was defined as p ≤ .05 in all cases, with the exception of the Wilcoxon signed-rank tests.
Results Table 1 shows A and b parameter estimates averaged across the 13 baseline periods (averaged across 2-4 sessions). Linear trend analyses showed that A parameter estimates (F(1, 45) = 5.269, p = .026) and b parameter estimates (F(1, 45) = 10.458, p = .002) increased across baselines, suggesting that animals became more sensitive to reinforcer magnitude and to delayed reinforcement across the experiment. NLME analysis showed that A parameter estimates (F(3, 177) = 0.574, p = .633) and b parameter estimates (F(3, 177) = 2.25, p = .084) did not differ across the four groups of rats tested (data not shown). Table 2 shows omissions following administration of each NMDA receptor ligand. Ketamine (10.0 mg/kg) significantly increased omissions (χ 2 (3; N = 23) = 20.330, p < .001). The significant increase was due primarily to six animals that had an average of 20 omissions (Range 11-25). These six animals were removed completely from ANOVA analyses, but their data for other doses were retained in the NLME analyses (see Statistical Analyses section). Memantine (10.0 mg/kg) significantly increased omissions (χ 2 (3; N = 23) = 53.667, p < .001). Because 20 of the 24 rats treated with the highest dose of memantine (10.0 mg/kg) had 20+ omissions during freechoice trials, this dose was excluded from all subsequent data analyses. Ifenprodil (10.0 mg/kg) significantly increased omissions (χ 2 (3; N = 24) = 10.022, p = .018). The significant increase in omissions following ifenprodil administration was due primarily to the low number of omissions following vehicle injection (11 of the 12 rats had no omissions, whereas one rat had one omission), in conjunction with two rats having 16 and 21 omissions, respectively, following ifenprodil (10.0 mg/kg). These two rats were excluded from subsequent analyses as described in the Statistical Analyses section. Figure 2 shows the raw proportion of responses for the large magnitude reinforcer across each delay following administration of NMDA receptor ligands. For all drugs, there was a main effect of delay (all F's ≥ 40.755, all p's < .001). There was a significant dose × delay interaction following ketamine administration (F(12, 192) = 1.821, p = .047) but no main effect of dose (F(1.583, 25.328) = 3.483, p = .056; Fig. 2a ). Separate one-way ANOVAs revealed that ketamine significantly altered responses for the large magnitude reinforcer when its delivery was immediate (F(1.158, 18.532) = 4.188, p = .050), although post hoc tests showed a trend only for the highest dose (10.0 mg/kg) to decrease responding. MK-801 did not alter responding for the large magnitude reinforcer (Dose: F(3, 63) = 1.311, p = .279; Dose × Delay: F(4.496, 94.420) = .703, p = .608; Fig. 2b ). Memantine significantly altered responses for the large Fig. 2c ). Bonferroni post hoc tests showed that memantine (5.0 mg/kg) decreased responding relative to vehicle, and post hoc tests showed that the decreased responding occurred at 0 s (F(1.142, 21.689) = 7.833, p = .009) and at 10 s (F(2, 38) = 7.299, p = .002). Following administration of the competitive antagonist CGS 19755, there was a significant dose × delay interaction (F(4, 80) = 2.871, p = .028) but no main effect of dose (F(1, 20) = 3.398, p = .080; Fig. 2d ). 37.281) = 6.946, p = .004). There was a significant dose × delay interaction following D-cycloserine administration (F(5.159, 113.509) = 2.695, p = .023) but no main effect of dose (F(3, 66) = 2.169, p = .100; Fig. 2f ). One-way ANOVAs showed that D-cycloserine (15.0 mg/kg) increased responding for the large magnitude reinforcer relative to vehicle at 10 s (F(2.254, 49.588) = 5.240, p = .007). Figure 3 shows A parameter and b parameter estimates following administration of NMDA receptor ligands. The uncompetitive antagonists ketamine and memantine significantly decreased A parameter estimates (Ketamine: F(3, 409) = 3.573, p = .014; Memantine: F(2, 306) = 8.893, p < .001) without altering b parameter estimates (i.e., impulsive choice; Ketamine: F(3, 409) = 0.527, p = .664; Memantine: F(2, 306) = 1.744, p = .177; Figs. 3a and c) . The uncompetitive antagonist MK-801 did not affect A parameter estimates (F(3, 429) = .314, p = .815) or b parameter estimates (F(3, 429) = 1.329, p = .265; Fig. 3b) . The competitive antagonist CGS 19755 significantly increased impulsive choice (F(1, 198) = 7.036, p = .009) without altering A parameter estimates (F(1, 198) = .038, p = .846; Fig. 3d ). Ifenprodil significantly decreased sensitivity to reinforcer magnitude (F(3, 439) = 4.917, p = .002) without altering sensitivity to delayed reinforcement (F(3, 439) = 2.136, p = .095; Fig. 3e ). D-cycloserine did not significantly alter A parameter estimates (F(3, 430) = 0.288, p = .834) or b parameter estimates (F(3, 430) = 1.597, p = .189; Fig. 3f) .
Discussion
In the current experiment, impulsive choice was measured with a behavioral task employing a concurrent schedule of reinforcement (e.g., Evenden and Ryan 1996) , which has been , and D-cycloserine (n = 23 all doses; f). *p < .05, relative to vehicle. Note that if a subject's data were excluded from one dose, data for the other doses were included in this figure because NLME analyses do not use listwise deletion when there are missing data used consistently during the past 20 years (e.g., Baarendse and Vanderschuren 2012; Cardinal et al. 2000; Floresco et al. 2008; Fox et al. 2008; Higgins et al. 2016; Isherwood et al. 2015; Koffarnus et al. 2011; Liu et al. 2004; Slezak and Anderson 2009; Simon et al. 2007; Stanis et al. 2008; Sukhotina et al. 2008; van Gaalen et al. 2006; Winstanley et al. 2005 Winstanley et al. , 2007 Yates et al. 2015) . Because delay discounting is influenced by both reinforcer magnitude and delay (Ho et al. 1999) , the exponential discounting function was used to determine how NMDA receptor ligands affect sensitivity to these parameters. When traditional analyses (two-way ANOVA) were used to characterize discounting, results indicated that ketamine, memantine (5.0 mg/kg), CGS 19755 (5.0 mg/kg), and ifenprodil (10.0 mg/kg) increased impulsive choice, whereas D-cycloserine (15.0 mg/ kg) decreased impulsive choice. However, when parameter estimates derived from the exponential model were analyzed with NLME, results indicated that ketamine (10.0 mg/kg), memantine (5.0 mg/kg), and ifenprodil (10.0 mg/kg) significantly decreased sensitivity to reinforcer magnitude without altering impulsive choice. These results provide additional evidence that NMDA receptor ligands mediate delaydiscounting performance, although competitive antagonism appears to selectively alter impulsive choice, whereas uncompetitive antagonism decreases sensitivity to reinforcer magnitude only.
In the current study, administration of ketamine and memantine did not alter impulsive choice (b parameter estimates) in the delay-discounting task. Floresco et al. (2008) previously reported that ketamine (5.0 mg/kg) increases impulsive choice in a procedure similar to the one used in the current experiment. Although both studies utilized the discounting procedure developed by Evenden and Ryan (1996) , Floresco et al. (2008) used shorter delays (0.4-6.5 s) relative to the current study (0-100 s). The increased discounting observed following ketamine administration in the Floresco et al. (2008) study relative to the current results may be due to baseline differences in impulsive choice. Indeed, baseline differences have been observed in a probability-discounting procedure following ketamine administration; animals with a low baseline level of discounting respond less for the probabilistic reinforcer following ketamine (10.0 mg/kg) administration, whereas ketamine does not affect animals with a high baseline level of discounting (Yates et al. 2016) . To test this hypothesis, we reanalyzed the raw data and the parameter estimates taking into account baseline differences in impulsive choice. The results of these additional analyses revealed no interactions between ketamine dose and baseline level of impulsivity (data not shown). Another possible explanation for the differential outcomes across studies is the analysis used in each experiment. Floresco et al. (2008) used a two-way ANOVA to analyze the raw responses for the large magnitude reinforcer and found a main effect of dose, which was interpreted as an increase in impulsivity. When we used a two-way ANOVA, we found an interaction between dose and delay, and post hoc tests revealed that ketamine altered responses at the 0-s delay, corroborating previous results that ketamine increases impulsive choice (Cottone et al. 2013; Floresco et al. 2008 ). However, the b parameter estimate did not change as a function of dose, indicating that the slope of the discounting function remained unchanged following ketamine administration. These results highlight the importance of examining the behavioral mechanisms being altered in delay discounting (i.e., sensitivity to reinforcer magnitude and sensitivity to delayed reinforcement) following pharmacological manipulations. Cottone et al. (2013) have previously shown that memantine, as well as ketamine, increases impulsive choice in a modified adjusting delay procedure. However, when we applied the exponential model to our data, we observed a decrease in sensitivity to reinforcer magnitude only. Methodological differences could account for the discrepant results of the current experiment and the results obtained by Cottone et al. (2013) . The current study used a discounting procedure in which the delay to the large reinforcer increases across blocks of trials (e.g., Evenden and Ryan 1996), whereas Cottone et al. (2013) used an adjusting delay procedure, in which the delay to the large reinforcer titrates according to an animal's responses (e.g., Perry et al. 2005) . One important consideration is that the adjusting delay procedure uses a single data point as the dependent variable: the mean adjusting delay (MAD). By generating a single data point, sensitivity to reinforcer magnitude and sensitivity to delayed reinforcement are confounded; therefore, one cannot determine the behavioral mechanisms underlying MAD scores. The change in MAD scores observed in the Cottone et al. (2013) experiment could reflect a change in sensitivity to reinforcer magnitude as opposed to a change in impulsive choice per se. To illustrate the potential interpretational caveats of using a single data point to interpret the effects of drugs on discounting, we reanalyzed the raw proportion of responses by calculating the area under the curve (AUC; see Myerson et al. (2001) for the calculations involved in AUC). AUC values range from 0 to 1, with values closer to 0 indicating high impulsivity. We found that memantine (5.0 mg/kg), as well as ifenprodil, significantly decreased AUCs relative to vehicle (memantine: .089 ± .019 vs. .154 ± .028; ifenprodil: .103 ± .017 vs. .181 ± .023), indicating that these drugs increased impulsive choice.
One surprising result is that MK-801 did not affect sensitivity to reinforcer magnitude or sensitivity to delayed reinforcement. Previous studies using a similar procedure have reported a decrease in impulsive choice following MK-801 administration (Higgins et al. 2016; Yates et al. 2015) , as well as an increase in sensitivity to reinforcer magnitude (Yates et al. 2015) . There are several procedural differences that make direct comparisons between Yates et al. (2015) and the current study somewhat difficult. First, Yates et al. (2015) used higher doses of MK-801 (0.01-0.3 mg/kg) relative to the current study (0.003-0.03 mg/kg). In the current study, we omitted the highest doses used in the Yates et al. (2015) study because they significantly suppressed behavior in rats (i.e., caused a significant increase in omissions). Additionally, the delays to delivery of the large magnitude reinforcer differed across studies (0-50 s vs. 0-100 s). Another important consideration is that Yates et al. (2015) , as well as Higgins et al. (2016) , used an FR 1 schedule, whereas the current study incorporated an FR 10. Considering several variables are known to modulate the effects of drugs on discounting, such as the use of stimuli during the delay to reinforcement (Cardinal et al. 2000; Zeeb et al. 2010 ), baseline differences in impulsivity (Adriani et al. 2004; Hand et al. 2009; Zeeb et al. 2010) , and the order in which delays/probabilities are presented St. Onge et al. 2010; Tanno et al. 2014; Yates et al. 2016) , the response requirement may be another variable that alters how drugs affect sensitivity to reinforcer magnitude and/or sensitivity to delayed reinforcement. Indeed, there is some evidence to this, as increasing the FR requirement promotes responding for the large magnitude reinforcer relative to the small magnitude reinforcer (Huskinson and Anderson 2013) . Additionally, ketamine decreases sensitivity to reinforcer magnitude in probability discounting (a task similar to the one used in the current experiment) when an FR 1 schedule is used (Yates et al. 2015) but has no effect when an FR 10 schedule is used (Yates et al. 2016) .
The inability to replicate the effects of MK-801 on sensitivity to reinforcer magnitude may be explained by the ceiling effect observed with A parameter estimates. Because A parameter estimates at the end of baseline training are near the maximum value of 1.0, we are unable to see an increase in sensitivity to reinforcer magnitude following drug administration. This limitation does not necessarily reflect a weakness in using quantitative analyses to assess discounting. Instead, this experiment shows a limitation of using the Evenden and Ryan (1996) procedure to measure discounting. In the current procedure, rats consistently chose the large magnitude reinforcer when its delivery is immediate, which results in maximal responding for this alternative at the 0-s delay. Because responses at the 0-s delay determine the intercept (A parameter) of the exponential function, this accounts for the ceiling effect observed with this parameter. One method that can circumvent this limitation is the use of a concurrent-chains procedure, which ensures subjects cannot exclusively respond for one alternative (see Aparicio et al. 2015; Oliveira et al. 2014 for a detailed description of the concurrent-chains procedure).
In the current study, CGS 19755 (10.0 and 20.0 mg/kg) suppressed behavior, as evidenced by a significant increase in omissions. Although Cottone et al. (2013) reported an increase in impulsive choice following CGS 19755 (20.0 mg/kg) administration, the same dose caused a significant increase in response latency and decreased the number of trials completed, making interpretations of the data somewhat difficult. In the current experiment, rats had to complete the response requirement within 20 s or the trial was scored as an omission. Because CGS 19755 increases the latency to respond (Cottone et al. 2013) , it was not surprising that omissions increased following administration of the two highest doses. Although the highest doses increased omissions, CGS 19755 (5.0 mg/kg) significantly increased impulsive choice without altering omissions or sensitivity to reinforcer magnitude. These results provide some evidence that competitive and uncompetitive antagonists differentially mediate delaydiscounting performance, as CGS 19755 increases sensitivity to delayed reinforcement, whereas ketamine and memantine decrease sensitivity to reinforcer magnitude only.
Similar to the findings with memantine, ifenprodil decreased responding for the large magnitude reinforcer at the 0 and 10-s delays. Results from the ANOVA analysis suggest that ifenprodil increased impulsive choice, whereas results from the exponential model revealed a significant change in the A parameter estimate only. The finding that ifenprodil decreased A parameter estimates without altering impulsive choice is surprising considering the NR2B-selective antagonist Ro 63-1908 decreases impulsive choice in a delaydiscounting procedure (Higgins et al. 2016) . One limitation to the current study is that ifenprodil is known to act on various receptors, including α1 adrenergic receptors, 5-HT 1A receptors, and sigma receptors (Chenard et al. 1991) . The current results do not appear to be mediated by ifenprodil's actions on 5-HT 1A or α1 adrenergic receptors, as blocking either receptor does not significantly alter delay discounting (Evenden and Ryan 1999; Schwager et al. 2014) . To date, we are unaware of any studies examining the effect of sigma receptor ligands on discounting, so we cannot rule out the possibility that the results obtained with ifenprodil are mediated by these receptors.
D-cycloserine did not alter sensitivity to reinforcer magnitude, but its effects on impulsive choice were dependent on the analysis used. When a two-way ANOVA was applied to the data, D-cycloserine (15.0 mg/kg) increased preference for the large reinforcer at the 10-s delay. However, when the exponential model was used, D-cycloserine did not alter A or b parameter estimates. The results of the exponential analysis are consistent with a previous report indicating no effect of Dcycloserine on delay discounting (van den Bergh et al. 2006) . The discrepancy between analyses may be explained by the finding that ANOVA has a higher Type I error rate relative to NLME (Young et al. 2009 ); therefore, the significant effect observed with D-cycloserine following ANOVA analysis may reflect a spurious effect. Despite this discrepancy, considering D-cycloserine is a partial agonist at the glycine site of the NR1 subunit (Henderson et al. 1990 ) and glycine and glutamate are both required to activate the NMDA receptor (Johnson and Ascher 1987) , examining how glycine site antagonists alter delay discounting is a potential future direction that will help further our understanding of the contribution of NMDA receptors to impulsive choice.
One important question that needs to be addressed is what a change in sensitivity to reinforcer magnitude means. The first interpretation is that the decrease could reflect impairment in discrimination between the small and large magnitude reinforcers. This interpretation is somewhat plausible as ketamine and memantine impair discrimination of two visual stimuli (Talpos et al. 2012; Tang and Franklin 1983; Ward et al. 2013) . Ketamine also impairs acquisition of visuo-auditory conditional discrimination (Dix et al. 2010 ) and spatial learning (Alessandri et al. 1989; Lalonde and Joyal 1993) , spatial memory (Alessandri et al. 1989; Venâncio et al. 2011) , and attentional set shifting ). However, MK-801, which has been shown to disrupt learning processes (Harder et al. 1998; Li et al. 2011; Rapanelli et al. 2013; van der Staay et al. 2011) , does not decrease sensitivity to reinforcer magnitude. Furthermore, ifenprodil generally does not disrupt learning in animals (Doyle et al. 1998; Fraser et al. 1996; Mikolajczak et al. 2002; Parada et al. 1992 ) and lacks the psychotomimetic-like effects observed with NMDA receptor channel blockers (Boyce et al. 1999 ), but it decreased sensitivity to reinforcer magnitude in the current experiment. Therefore, the decrease in A parameter estimates does not appear to be due exclusively to an impairment in discrimination.
Another interpretation is that the decrease in sensitivity to reinforcer magnitude could be due to satiation. Memantine decreases consumption of palatable food Smith et al. 2015) , and ifenprodil decreases eating behavior (Khan et al. 1999) . Additionally, ketamine (10.0 mg/kg), memantine (5.0 mg/kg), and ifenprodil (10.0 mg/kg) decreased the number of pellets earned during the session (ketamine: 1.826 ± .056 vs. 1.549 ± .120 pellets/trial; memantine: 1.804 ± .064 vs. 1.363 ± .081 pellets/trial; ifenprodil: 1.846 ± .053 vs. 1.457 ± .092 pellets/trial). However, satiation may not be a complete account for the decrease in A parameter estimates following ketamine, memantine, and ifenprodil administration. Ketamine, which increases consumption of palatable food (Garcia et al. 2009 ), decreased sensitivity to reinforcer magnitude in the current experiment. Additionally, even if a drug selectively increases impulsive choice, the animal is going to earn less food relative to vehicle conditions because they consistently choose the small magnitude reinforcer. For example, in the current study, CGS 19755 (5.0 mg/kg) increased impulsive choice without altering sensitivity to reinforcer magnitude, and it significantly decreased the number of pellets earned (1.502 ± .066 pellets/trial) relative to vehicle (1.739 ± .072 pellets/trial). One way to avoid this potential confound in future studies is to use the aforementioned concurrent-chains procedure (Aparicio et al. 2015; Oliveira et al. 2014) , which ensures that each rat earns the same amount of food regardless of their preference for the small magnitude or large magnitude reinforcer. Another way to prevent this confound is to use isocaloric reinforcers, such as saccharin (e.g., Blasio et al. 2012 ).
In conclusion, the current results are important because we show that uncompetitive and competitive NMDA receptor antagonists differentially alter discounting performance. Specifically, when quantitative analyses are applied to the data, the uncompetitive antagonists ketamine and memantine decrease sensitivity to reinforcer magnitude, whereas CGS 19755 increased impulsive choice without altering sensitivity to reinforcer magnitude. These results also show that quantitative analyses can help increase our understanding of how certain drugs affect discounting. Although the results are promising, future studies should consider using a procedure that does not produce a ceiling effect with A parameter estimates (e.g., the concurrent-chains procedure), which will better enable one to observe an increase in sensitivity to reinforcer magnitude following drug administration.
